Regulation of amino acid biosynthesis in Saccharomyces cerevisiae involves the transcriptional activator Gcn4 in the regulatory response known as general amino acid control (GAAC). Gcn4 synthesis is induced by starvation for any amino acid through a translational control mechanism involving the protein kinase Gcn2 and its phosphorylation of eukaryotic translation initiation factor 2 (eIF2). The induced Gcn4 protein binds to the UAS GCRE (enhancer) elements at amino acid biosynthetic genes, stimulating their transcription and elevating the protein biosynthetic capacity of the cell (29, 31) . Increased binding of Gcn4 at the arginine biosynthetic gene ARG1 occurs within minutes of isoleucine/valine (Ile/Val) limitation imposed by the antimetabolite sulfometuron (SM), which inhibits the Ile/Val biosynthetic enzyme encoded by ILV2 (32) . This is followed quickly by recruitment of multiple coactivators (SAGA, SWI/SNF, RSC, and Mediator) that stimulate the assembly of general transcription factors and RNA polymerase II (Pol II) at the promoter (21, 52, 53, 62) . Gcn Ϫ (general control nonderepressible) mutants, impaired for derepression of all Gcn4 target genes, are sensitive to SM and other inhibitors of amino acid biosynthetic enzymes. We and others have previously identified numerous Gen Ϫ mutants defective in factors required for translational induction of GCN4 mRNA or lacking coactivators required for transcriptional activation by Gcn4 on the basis of their sensitivity to SM or other inhibitors of amino acid biosynthesis (28, 62) .
To identify novel factors involved in the GAAC, we screened a library of haploid deletion mutants for SM sensitivity (SM  s ) . Surprisingly, we identified numerous SM s /Gcn Ϫ strains with deletions of genes involved in vesicular protein trafficking at the late endosome/MVB. Many of these vps (vacuolar protein sorting) mutants were identified previously by their missorting of vacuolar hydrolase carboxypeptidase Y (CPY) or defective vacuolar protease activity (pep mutants). CPY is transported in vesicles from the Golgi apparatus to vacuoles via the MVB (Fig. 1A) , as are other hydrolases of the vacuolar lumen, like carboxypeptidase S (Cps1) and proteinase A (PrA). Moreover, downregulation of plasma membrane receptors and transporters by endocytosis and degradation involves vesicular trafficking to the MVB before they reach the vacuole for destruction (8) (Fig. 1A) . vps mutants are defective for an array of different molecules required for producing vesicles with the appropriate cargo proteins or for the tethering and fusion of vesicles at the correct target membranes.
We found that Gcn4 function is impaired to the greatest extent in class C and D vps mutants defective for various aspects of vesicle fusion at the endosome (Fig. 1A) (8) . Our results indicate that mutations in these factors impair activation of Gcn4 target promoters and reduce preinitiation complex (PIC) assembly at ARG1, without reducing the amount of Gcn4 bound to the UAS GCRE in vivo. SM s phenotypes also were observed for class E vps mutants, which lack factors needed to sort cargo proteins into intralumenal vesicles (ILVs) at the MVB for subsequent transport to the vacuole lumen (Fig. 1A) . This sorting function is carried out by the heteromeric protein complexes ESCRT-I, -II, and -III (abbreviated below as E-I, E-II, and E-III), which bind to ubiquitinated cargo proteins on the MVB outer membrane. The AAAATPase Vps4 then recycles the ESCRT factors and segregates the cargo into ILVs (Fig. 1B) . Class E vps mutants accumulate MVB cargo proteins in aberrant structures lacking ILVs, called class E compartments, and also mislocalize a proportion of the cargo destined for the vacuolar lumen to the vacuolar outer membrane (reviewed in references 2 and 8). The missorted proteins include vacuolar hydrolyases, which are improperly matured and capable of proteolyzing other cargoes that accumulate in the class E compartment (3, 54) .
Our detailed analysis of two class E mutants lacking a key component of ESCRT complex E-II (snf8⌬) or E-III (snf7⌬) revealed significant reductions in activation by nucleus-localized Gcn4. Subsequent genetic analysis of class E mutants suggested that transcriptional attenuation in snf7⌬ cells likely results from proteolysis of cargo proteins in the class E compartment, rather than the inability to transport cargo via ILVs per se. This and other findings described below led us to propose that impaired delivery of MVB cargo originating in the Golgi complex (class C/D mutants) or having this cargo rapidly proteolyzed in the aberrant class E compartment (snf7⌬ and snf8⌬ mutants) are key conditions of MVB dysfunction that lead to a strong reduction in transcriptional activation by Gcn4.
MATERIALS AND METHODS
Plasmid constructions. All plasmids used in this study are listed in Table 1 . Primers used in plasmid or yeast strain constructions are listed in Table 2 . To construct the high-copy-number plasmid with GCN4-EGFP3, a SalI-EcoRI fragment with GCN4-EGFP3 from pKN85/p3233 was cloned into YEplac195 to produce pHQ1483. pKN85 was constructed by inserting a PCR-amplified BglII fragment containing the EGFP3 open reading frame (ORF) at the BglII site located just before the GCN4 stop codon in p1203 (pCD48-2). The resulting GCN4-EGFP fusion contains a silent T-to-G change at Ala codon 72 in EGFP3. pHQ1377 was constructed by inserting the EcoRI-SalI GCN4 fragment from p1208 into the corresponding sites of YEplac181.
To construct pNG9, pNG10, pNG11, and pNG12, SacI/SmaI-digested VPS15, VPS15 E200R , VPS34, and VPS34 N736K fragments from plasmids pRS316-VPS15, pRS316-VPS15 E200R , pRS316-VPS34, and pRS316-VPS34 N736K (61) were cloned into SacI/SmaI-digested single-copy (sc) plasmid vector YCplac111 to produce pNG9, pNG10, pNG11, and pNG12, respectively.
FIG. 1. Multiple vps mutants impaired for vesicular trafficking at the late endosome exhibit Gcn
Ϫ phenotypes. (A) Multiple vesicular trafficking pathways in yeast connect the late Golgi complex to vacuole and plasma membrane via early endosome (EE) and MVB. Adapted from reference 8. (B) Functions of ESCRT complexes (E-I, E-II, and E-III) in sorting ubiquitinated transmembrane proteins at the MVB outer membrane, adapted from reference 2. Ub, ubiquitin. (C) Serial 10-fold dilutions of vps mutants and the gcn4⌬ mutant, derived from WT strain BY4741, were spotted to SC medium or SC lacking Ile and Val and containing SM at 1.0 g/ml and incubated for 2 to 3 days at 30°C. The mutant strains examined were 249, 2783, 4105, 5305, 1812, 3682, 3236, 5149, 2730, 3416, 2763, 5325, 2826, 2580, 6211, 1580, 4850, 4004 , and 5588 (described in Table 3 ).
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Construction of pNG13, encoding the Gal4 AD -Gcn4 DB fusion encoded by P GCN4 -GAL4 AD -GCN4 DB involved PCR amplification of (i) an 890-nucleotide (nt) SalI-HindIII fragment containing the promoter, translational control element (TCE), and first 10 codons of the GCN4 coding sequence, from pHQ1377 using primers N1 and N3 (harboring the SalI and HindIII restriction sites, respectively), (ii) a 339-nt HindIII-BglII fragment encoding the Gal4 activation domain (AD; amino acids [aa] 768 to 881) from genomic DNA using primers N7 and N8 (harboring HindIII and BglII restriction sites, respectively), and (iii) a 1,348-nt BglII-EcoRI fragment encoding the Gcn4 DNA binding domain (DBD) from aa 210 to the stop codon from plasmid pHQ1377, using primers N4 and N2 (containing BglII and EcoRI restriction sites, respectively). The PCR-amplified fragments, digested with the appropriate enzymes, were gel purified and cloned into the SalI/EcoRI-digested vector YEplac181 to produce pNG13.
Construction of pNG14, encoding the VP16 AD -Gcn4 DB fusion encoded by P GCN4 -VP16AD-GCN4DB, involved PCR amplification of (i) an 890-nt SalIHindIII fragment containing the promoter, TCE, and first 10 codons of the GCN4 coding sequence from pHQ1377 using primers N1 and N3 (harboring the SalI and HindIII restriction sites, respectively), (ii) a 231-nt HindIII-BglII fragment encoding the VP16 AD (aa 413 to 490) from pDB198 using primers N9 and N10 (harboring HindIII and BglII restriction sites, respectively), and (iii) a 1,348-nt BglII-EcoRI fragment encoding the Gcn4 DBD from aa 210 to the stop codon from plasmid pHQ1377 using primers N4 and N2 (containing BglII and EcoRI restriction sites, respectively). The PCR-amplified fragments, digested with the appropriate enzymes, were gel purified and cloned into SalI/EcoRIdigested vector YEplac181 to produce pNG14. All the plasmid constructions were confirmed by restriction digestion and DNA sequencing of the complete PCR-amplified fragments.
Yeast strains. All yeast strains used in this study are listed in Table 3 . Haploid wild-type (WT) strains BY4741 and BY4742, diploid WT BY4743, and deletion derivatives thereof and isogenic homozygous deletion mutants (19) were purchased from Research Genetics. For all mutations summarized in Fig. 2, except for class E mutations, the deletions were confirmed in the haploid mutants by PCR amplification of genomic DNA (with the few exceptions indicated below in Table 4 ), and the SM s phenotypes were shown to be nearly identical in the haploid and homozygous diploid deletion mutants, providing strong evidence that the SM s phenotypes are conferred by the vps deletions. If not listed in Table  2 , the primers used to verify all deletions were described previously (66). The SM s phenotypes of the haploid class E mutants were shown to be indistinguishable from those of the corresponding mutants constructed independently in isogenic strain JBY46 (9) . We also verifed the snf7⌬ and snf8⌬ alleles by PCR analysis and showed that the SM s phenotypes of vps15⌬, vps34⌬, snf7⌬, and snf8⌬ were complemented by episomal wild-type alleles.
Deletion of GCN4 using plasmid pHQ1240 was conducted and verified as described previously (71) . The snf7⌬::kanMX, vps15⌬::KanMX, vps34⌬::kanMX, vps2⌬::KanMX, and vps4⌬::KanMX alleles were isolated from the chromosomal DNA of strains 1580, 3236, 5149, 4850, and 5588, respectively, by PCR amplification and introduced into H1486 (65) to produce the G418-resistant strains FZY512, NGY12, NGY11, FZY720, and FZY718, respectively. The pep7⌬::KanMX allele was PCR amplified from the chromosomal DNA of strain 3682 and introduced into ALHWT and ALH715 (39) to produce NGY13 and NGY14, respectively. The strains JBY115, JBY133, JBY176, and JBY142 were subjected to a mock transformation and plated on 5-fluoroorotic acid medium to isolate their ura3 derivatives. The pep4⌬::HIS3 allele was amplified from chromosomal DNA of BJ3511 and introduced into BY4741, 249, 1580, 5588, 5149, 3236, 3682, 1812, and 2826 to produce their pep4::HIS3 derivatives. The trp1⌬::hisG allele was introduced into BY4741, 1580, 3682, 1812, 3236, and 5149 using pNKY1009. The snf7⌬::HIS3 and vps20⌬::HIS3 cassettes were PCR amplified from plasmid pFA6a-HIS3MX6 (40) and introduced into 5149 to produce FZY721 and FZY724, respectively. The snf7⌬::HIS3 cassette amplified as above was introduced into 1580 to produce FZY727.
Biochemical methods. The reporter gene assays were performed as described previously (62) . For Western analysis, whole-cell extracts (WCEs) were prepared with tricholoracetic acid, as described previously (55), and analyzed with antibodies against Gcd6 (12), Gcn4 (affinity purified as described below), or lexA (Abcam, Inc.). Northern analysis was conducted as described previously (37) . Chromatin immunoprecipitation (ChIP) assays were conducted as described previously (62, 72) using the primers in Table 2 and antibodies against Gcn4 (described above) and Rpb3 (Neoclone). Affinity purification of Gcn4 antibodies. (i) Purification of His 6 -Gcn4. A transformant of Escherichia coli strain BL21(DE3) carrying pCD377-2/p1934 encoding His 6 -Gcn4 was grown to saturation overnight, diluted (1:50) into four 1-liter volumes of LB plus ampicillin in four 4-liter flasks, grown for 3 h, and induced by adding isopropyl-␤-d-thiogalactopyranoside (IPTG; to 1 mM) and incubating for another 3 h. Cells were harvested by centrifugation and His 6 -Gcn4 purified with Ni-nitrilotriacetic acid (NTA) resin following the vendor's instructions (Qiagen).
(ii) Preparation of Gcn4 affinity column. Purified His 6 -Gcn4 (ϳ30 mg) was dialyzed overnight against coupling buffer (0.5 M NaCl, 0.1 M NaHCO 3 [pH 8.3]). A 1.5-g aliquot of CNBr-activated Sepharose 4B (Pharmacia) was washed with 200 ml ice-cold 1 mM HCl followed by 40 ml coupling buffer. Dialyzed His 6 -Gcn4 was mixed with the HCl-washed resin and mixed on a nutator at room temperature for 3 h (for coupling). The resin was collected by centrifugation, resuspended in 10 ml of 200 mM glycine (pH 8.0), and mixed at room temperature for 2 h (for blocking). After blocking, the resin was washed twice with 10 volumes of coupling buffer and twice with phosphate-buffered saline (PBS), and the His 6 -Gcn4-coupled resin was stored under PBS at 4°C. The coupling efficiency was checked by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) of the His 6 -Gcn4 levels in the supernatant before and after coupling.
(iii) Affinity purification of Gcn4 antibody. A 10-ml aliquot of anti-Gcn4 polyclonal antiserum (HL2871) raised in rabbits against recombinant full-length Gcn4 (Covance) was mixed with 2 volumes of PBS, added to 6 ml of the His 6 -Gcn4-coupled resin, and mixed in the cold for 2 h. The resin was poured into a column (1.2-cm diameter), washed with 10 bed volumes of PBS, 10 volumes of 2ϫ PBS, 0.05% Tween 20, and 5 volumes of PBS. Affinity-purified Gcn4 antibodies were eluted with 3 volumes of 0.1 M diethylamine (pH 11.5), collecting 1-ml fractions, which were mixed immediately with an equal volume of 1 M Tris-HCl (pH 7.0) to neutralize the pH. Fractions with an A 280 greater than 0.05 were pooled and concentrated ϳ15-fold with a Centriprep (Amicon). The concentrated antibody was dialyzed against PBS in the cold, divided into 50-l aliquots, and stored at Ϫ80°C.
Pulse-chase analysis of Gcn4 synthesis and degradation rates. For the pulsechase analysis, modifications of a protocol described previously (38) were employed, as follows. Cells were cultured in synthetic complete (SC) medium lacking isoleucine and valine (SC-Ile/Val) to an optical density at 600 nm of 0.6 to 0.8, harvested by centrifugation, washed once with SC-Ile/Val lacking methionine (SC-Ile/Val-Met), resuspended in 0.5 ml of SC-Ile/Val-Met, transferred to a 1.5-ml screw-cap tube containing SM (at a final concentration of 1.0 g/ml), and incubated for 15 min at 30°C. One mCi of [ 35 S]methionine/cysteine labeling mix was added, and cells were incubated another 15 min before harvesting in a microcentrifuge and resuspending in 5 ml prewarmed SC-Ile/Val containing 10 mM methionine and 10 mM cysteine. A 1-ml aliquot was removed immediately (for the 0-min chase) and the remainder was incubated for 20 min, taking 1-ml aliquots at the appropriate times of chase, and each aliquot was added to 170 l of 1.85 M NaOH, 7.4% 2-mercaptoethanol in a 1.5-ml screw-cap tube and placed on ice for 10 min. After adding 70 l 100% trichloroacetic acid (TCA) and incubating on ice for 10 min, the extracts were centrifuged at 4°C for 5 min and the pellets were washed with ice-cold acetone and dried in a SpeedVac centrifuge. The dried pellets were resuspended in 120 l of 2.5% SDS, 5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride by vortexing, and the suspensions were heated to Ͼ90°C for 1 min and cleared by centrifugation. Incorporation of label was measured by combining 2 l of extract with 20 l bovine serum albumin (BSA; 10 mg/ml) and 1 ml 5% TCA, incubating on ice for 15 min, collecting the precipitate on Whatman GF/C glass fiber filters, and measuring the radioactivity by scintillation counting. Aliquots of extract containing equal amounts of radioactivity (1 ϫ 10 7 cpm) were combined with 1 ml of immunoprecipitation (IP) buffer (50 mM Na-HEPES [pH 7.5], 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride) containing 1 mg/ml BSA and 1 l affinity-purified anti-Gcn4 antibody and mixed by rotating at 4°C for 2 h. Twenty l of a 50% slurry of protein A-agarose beads pretreated with IP buffer containing BSA (1 mg/ml) was added, and mixing continued for 2 h. The beads were washed with cold IP buffer containing 0.1% SDS (500 l; three times), resuspended in loading buffer, heated, and resolved by SDS-PAGE using 4 to 20% gels. The gel was dried and subjected to autoradiography, and the 35 S-labeled Gcn4 was quantified by phosphorimaging analysis.
Live-cell imaging by fluorescence microscopy. To stain cellular DNA, 4Ј,6-diamidino-2-phenylindole (DAPI; Sigma) was applied to cells as a 1/400 dilution of a 1-mg/ml aqueous solution after the prescribed period of Ile/Val starvation with SM (0.5 g/ml). After a 5-min incubation, cells were washed and transferred to fresh medium containing SM and examined. Distribution of Gcn4-GFP in living cells was analyzed with an oil immersion, 100ϫ/1.4 numerical aperture objective using the Olympus Cell R detection and analyzing system based on the motorized Olympus IX-71 inverted microscope, a Hammamatsu Orca/ER digital camera, and the following highly specific mirror units: (i) enhanced green fluorescent protein (EGFP) filter block U-MGFPHQ, excitation maximum at 488 nm, emission maximum at 507 nm; (ii) a DAPI filter block U-MNUA2, excitation maximum at 440 nm, emission maximum at 500 to 520 nm. The Cell R system enabled us to obtain up to nine optical sections through the yeast cell. Nomarski (differential interference contrast) optics were used to record transmission images.
RESULTS
Deletions of multiple VPS genes confer sensitivity to sulfometuron. We screened the entire library of viable haploid deletion mutants produced by the Saccharomyces Genome Deletion Project (19) for SM sensitivity and identified a large number of vps mutants with Gcn Ϫ phenotypes ( Fig. 1C and Table 4 ). Most of the mutants showing the strongest SM sensitivity are class C or D vps mutants, which have defects in vesicle fusion at the MVB. This includes mutants lacking the Q-SNARE Pep12/Vps6, the "SM" proteins Vps33 and Vps45, Rab GTPase Vps21, and Rab effector Pep7/Vps19 (8) . It also includes Vps18, Vps16, Vps3, and Vps8, which reside with Vps33 in the tethering complex CORVET, which is thought to link the membranes prior to vesicle fusion (49) (summarized in Fig. 2) . Vesicle fusion at the MVB depends on synthesis of phosphotidyl inositol-3 phosphate (PtdIns [3] P) in the membrane by lipid kinase Vps34 and associated protein kinase Vps15. Vesicle budding at the Golgi apparatus involves the clathrin coat, and Golgi complex-to-endosome trafficking requires the dynamin-related GTPase Vps1 (a class F factor) (8) . Deletion mutants lacking each of these latter proteins also exhibit strong SM s phenotypes (Fig. 1C , Table 4 , and Fig. 2 ), suggesting that defects in vesicular transport from the Golgi apparatus to MVB impair the GAAC.
Class E mutants lack subunits of the ESCRT complexes, which bind ubiquitinated cargo proteins on the MVB outer membrane for delivery to ILVs and subsequent transport to the vacuole lumen. Vps27 binds ubiquitin moieties of cargo proteins, membrane-associated PtdIns [3] P, and clathrin and helps recruit E-I components Vps37, Vps28, Vps23, and Mvb12. E-I activates the E-II heterotrimer Vps25, Vps36, and Snf8/Vps22, which in turn recruits the E-III subunits Snf7, Vps20, Vps2, and Vps24. The Vps2-Vps24 subcomplex then recruits the AAA-ATPase Vps4, which functions to deliver the cargo proteins, deubiquitinated by Doa4, into ILVs for transport to the vacuole (Fig. 1B) . We found that many of the class E vps mutants exhibited SM s phenotypes, albeit less severe than for most class C/D mutants (Fig. 1C, Table 4 , and Fig. 2) . Surprisingly, vps2⌬ and vps4⌬, defective for the last step of the ESCRT pathway, have significantly weaker SM s phenotypes compared to snf7⌬, snf8⌬, and several other mutants lacking subunits of E-I, E-II, or E-III ( Fig. 1C and 2 ). This suggests that the functions of E-I, E-II, and E-III in associating with cargo proteins on the MVB outer membrane are more important than the Vps4-dependent delivery of cargo via ILVs to the vacuole lumen to achieve a robust GAAC response. We pursue this unexpected finding below in greater detail.
To verify that class E mutants are less SM sensitive than class C/D vps mutants, we measured the doubling times of selected mutants in liquid SC medium lacking Ile and Val and containing SM at 0.5 g/ml. We found that the class D mutants pep7⌬, pep12⌬, vps15⌬, and vps34⌬ had doubling times of between 8.5 and 13.5 h, comparable to that of the gcn4⌬ strain (8.9 h). By contrast, the class E mutants snf7⌬ and vps4⌬ had doubling times of 7.2 h and 6.2 h, respectively, intermediate between those of the class D mutants and the isogenic WT strain (4.2 h) (data not shown).
Vps proteins are required for efficient PIC assembly by chromatin-bound Gcn4. The abundance on the cell surface of certain plasma membrane proteins is downregulated by endocytosis and vesicular transport to the MVB and vacuole, including the general amino acid permease (Gap1) (57) . We considered the possibility that the SM s phenotype of vps mutants could result from elevated uptake or retention of SM, owing to defective regulation of a permease (like Gap1) to thereby produce an exaggerated level of Ile/Val starvation that can't be counteracted by induction of Gcn4 and its target genes. We took several approaches to eliminate this possibility and to demonstrate that transcriptional activation by Gcn4 is truly impaired in vps mutants. For these studies, we focused on vps15⌬, vps34⌬, pep12⌬, and pep7⌬ as exemplars of class D mutants with strong SM s phenotypes and the class E mutants snf7⌬ and snf8⌬.
First, we asked whether vps34⌬ and snf7⌬ impair Gcn4 induction of the HIS1 gene in response to histidine starvation of his1-29 cells on medium lacking histidine. Because his1-29 reduces, but doesn't abolish, activity of the first enzyme of histidine biosynthesis, his1-29 cells can grow without exogenous histidine, due to transcriptional activation of his1-29 by Gcn4. Hence, mutations that impair Gcn4 induction, like gcn2⌬, render his1-29 cells unable to grow without histidine (67) . As shown in Fig. 3A, vps34⌬ resembles gcn2⌬ by conferring a histidine requirement in his1-29 cells, and the His Ϫ phenotype of the vps34⌬ his1-29 double mutant is reduced by plasmidborne VPS34 but not by catalytically defective Vps34-N736K (61). Similar results were obtained by combining vps15⌬ or snf7⌬ with his1-29 ( Fig. 3B and data not shown) , although as expected, the His Ϫ phenotype of snf7⌬ his1-29 cells is less severe than that of vps34⌬ his1-29 cells (cf. Fig. 3A and B) . By contrast, vps2⌬ and vps4⌬ did not produce a His Ϫ phenotype in the his1-29 background (Fig. 3C ), in accordance with their weak SM s phenotypes (Fig. 1C and Table 4 ). The fact that vps34⌬, vps15⌬, and snf7⌬ all impair the Gcn4-mediated response to histidine deficiency imposed without an inhibitor of histidine biosynthesis in the medium argues against a contri- (Fig. 1C) , these vps mutations confer key phenotypes of bone fide Gcn Ϫ mutants (26, 67) . We demonstrated next that the vps mutations impair activation of Gcn4-dependent transcriptional reporters. The UAS GCRE -CYC1-lacZ reporter, containing Gcn4 binding sites (UAS GCRE ) upstream of the CYC1 promoter, is induced by Gcn4 in cells treated with SM (62) . Induction of this reporter is diminished to ϳ10% of WT in the class D vps mutants and to ϳ40% of WT in snf7⌬ and snf8⌬ cells (Fig. 3D) . Similar results were obtained for
HIS4-lacZ and HIS3-GUS reporters harboring the native HIS4
and HIS3 5Ј noncoding regions ( Fig. 3E and F) . We also observed decreased induction of two mRNAs produced by the arginine biosynthetic genes ARG1 and ARG4, relative to the nontarget gene ACT1, although to a lesser extent than observed for the reporter constructs in the class D mutants (Fig. 3G) . As discussed below, Mitchell and colleagues previously reported that mRNAs of 12 different Gcn4 target genes are downregulated in snf7⌬ cells at elevated pH (7), providing independent evidence for diminished Gcn4 function in class E mutants. Importantly, the impaired induction of HIS4-lacZ expression in the vps15⌬ and vps34⌬ mutants was complemented by plasmid-borne VPS15 or VPS34, but (Fig. 3H) , thus confirming that the kinase activities of both proteins are required to stimulate GAAC. To probe the molecular mechanism of transcriptional attenuation in vps mutants, we conducted chromatin immunoprecipitation assays to measure binding of Pol II and Gcn4 at ARG1. SM treatment of WT cells leads to rapid increases in Gcn4 binding to the UAS (Fig. 4A, WT) , recruitment of Pol II subunit Rpb3 to the promoter TATA element (Fig. 4B, WT) , and increased Pol II occupancy at the 3Ј end of the coding sequences (Fig. 4C, WT) , all in agreement with previous findings (21) . Importantly, Gcn4 occupancy of the UAS was unaffected by class D mutations pep7⌬ and vps34⌬ (Fig. 4A) , indicating that induction of Gcn4 and its nuclear localization and UAS binding activity occur at levels sufficient for high-level Gcn4 occupancy of the ARG1 UAS in these mutants. By contrast, pep7⌬ and vps34⌬ elicit strong reductions in Pol II (Rpb3) occupancies at TATA and 3Ј ORF sequences, comparable to the effect of deleting Gcn4 itself ( Fig. 4B and C) . Nearly identical results were obtained for class D mutants pep12⌬ and vps15⌬ (data not shown). The reduced Pol II occupancy in the ORF provides direct evidence that Gcn4-dependent transcription of ARG1 is diminished, and the reduced TATA occupancy by Pol II implies that Gcn4-stimulated PIC assembly is attenuated in class D mutants.
We attempted to conduct a ChIP analysis in snf7⌬ and snf8⌬ cells but found that Gcn4 and Rpb3 are degraded in chromatin extracts from these strains (data not shown). Accordingly, we asked whether the activation defect in these mutants results from reduced Gcn4 expression levels. Western analysis of Gcn4 in WCEs prepared under denaturing conditions (by TCA extraction) revealed no significant differences in the induced levels of Gcn4 (relative to Gcd6) among WT, snf7⌬, and snf8⌬ cells (Fig. 5A) . We also analyzed the rate of synthesis and turnover of Gcn4 in snf7⌬ cells by pulse-chase analysis with [ 35 S]methionine/cysteine. We observed no differences in the extent of 35 S labeling of Gcn4 during the 15-min pulse, or of its rate of degradation during the chase, between WT and snf7⌬ cells (Fig. 5B and C) , thus indicating that snf7⌬ does not alter Gcn4 synthesis or degradation in vivo.
We asked next whether the snf7⌬ mutation impairs nuclear localization of a Gcn4-GFP fusion. This fusion is expressed from a high-copy-number (hc) plasmid under the native GCN4 promoter and complements the SM s phenotype of a gcn4⌬ strain indistinguishably from hc GCN4 ϩ (data not shown). Although overexpressing Gcn4-GFP was required to visualize its fluorescence, this approach should be valid, because neither hc GCN4 nor the hc GCN4-GFP construct suppresses the SM s phenotype of a snf7⌬ mutant (Fig. 5D and data not shown) . As expected, we observed extensive colocalization of Gcn4-GFP with nuclei in WT cells induced with SM (Fig. 6A , cf. GFP with DAPI). Importantly, nuclear localization of Gcn4-GFP is evident in the majority of snf7⌬ cells under the same conditions ( Fig. 6B and data not shown) . Thus, Snf7 is not required for nuclear localization of Gcn4. The normal expression and nuclear localization of Gcn4 in snf7⌬ cells is consistent with the   FIG. 4 . Class D vps mutations impair PIC assembly by chromatin-bound Gcn4. Strains described in Fig. 1C were induced with SM (0.5 g/ml) for 30 min and treated with formaldehyde. Extracted, sonicated chromatin was immunoprecipitated with antibodies against Gcn4 (A) or Rpb3 (B and C). DNA extracted from the immunoprecipitates (ChIP) or starting chromatin (input) was PCR amplified in the presence of [ 33 P]dATP with primers for the ARG1 UAS (A), TATA (B), or 3Ј ORF sequences (C) and separately with primers for the POL1 ORF (as a nonspecific control). PCR products were quantified by phosphorimaging, and the ratios of ChIP-to-input signals for ARG1 were normalized for the corresponding ratios for POL1, to yield occupancy values. Averages and standard errors from two PCR amplifications for each of two independent immunoprecipitates from two independent cultures are plotted.
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on February 21, 2013 by PENN STATE UNIV http://mcb.asm.org/ possibility that class E mutations, like class D mutations, impair the ability of UAS-bound Gcn4 to activate transcription. In the Western analysis described above, we observed moderate (Յ50%) reductions in Gcn4 abundance in class D vps mutants (Fig. 5A and data not shown) . However, the ChIP data in Fig. 4 indicated strong UAS occupancies by Gcn4 in these strains. Hence, the reduced cellular levels of Gcn4 cannot explain the activation defects of class D mutants. Supporting this conclusion, introducing additional copies of GCN4 on a high-copy-number plasmid does not suppress the SM s phenotype of vps34⌬ or other class D mutants (Fig. 5D and data not shown). Introducing hc GCN4 also does not rescue activation of the HIS4-lacZ reporter (Fig. 5E ), even though it restores near-WT levels of Gcn4 (relative to Gcd6) in these mutants (data not shown).
vps mutations reduce the functions of Gcn4, Gal4, and VP16 activation domains. The results of our ChIP analysis suggested that the activation function, not DNA binding activity, of Gcn4 is impaired in class D vps mutants. To support this conclusion and extend it to class E mutants, we examined the ability of a Gcn4-lexA fusion to activate transcription of a lacZ reporter containing lexA binding sites as the only UAS upstream of the GAL1 promoter. The Gcn4-lexA fusion was expressed under the GCN4 promoter and TCE. This lexAop-GAL1-lacZ reporter is strongly induced by Gcn4-lexA on SM treatment of WT cells (Ϸ50-fold) (data not shown), and this induction is reduced by factors of 3 to 4 in snf7⌬ and snf8⌬ mutants and factors of 10 to 20 in vps15⌬ and vps34⌬ mutants (Fig. 7A) , similar to the effects of these mutations on activation by native Gcn4 (Fig. 3D to F) . Western analysis revealed Ͻ2-fold reductions in the steady-state level of Gcn4-lexA in snf7⌬ and snf8⌬ cells and Ϸ2.5-fold reductions in vps15⌬ and vps34⌬ cells, compared to WT (Fig. 8A) . Thus, it seems unlikely that the These data support our conclusion that the activation function, rather than DNA binding activity, of Gcn4 is enhanced by Vps factors. We also analyzed activation by proteins containing the Gcn4 DBD fused to the ADs of Gal4 or herpesvirus VP16, expressed in gcn4⌬ cells under the GCN4 promoter and TCE. Activation of HIS4-lacZ by both hybrid activators was strongly reduced by the vps15⌬ and vps34⌬ mutations, comparable to their effects on activation by native Gcn4 expressed from a hc plasmid (Fig.  7, cf. E and F with D). Activation by the hybrid activators was also reduced in snf7⌬ and snf8⌬ cells (Fig. 7E and F) , but not to the same extent observed for native Gcn4 (Fig. 7D) .
Finally, we examined the completely heterologous hybrid activators containing the LexA DBD and Gal4 or VP16 ADs. Activation of the lexAop-GAL1-lacZ reporter by the LexA DBDGal4 AD hybrid activator was modestly impaired by snf7⌬ and snf8⌬ (factor of Յ2) but substantially reduced by vps15⌬ and vps34⌬ (factor of ϳ4) (Fig. 7B) . Activation of the same reporter by the LexA DBD -VP16 AD activator was not significantly affected by snf7⌬ and snf8⌬, weakly impaired by vps15⌬ (by ϳ40%), and markedly reduced by vps34⌬ (ϳ5-fold) (Fig. 7C) . Western analysis indicated only small (Ͻ2-fold) reductions in the levels of these hybrid activators, which cannot account for their reduced functions in the vps15⌬ and vps34⌬ mutants (Fig.  8B) . We went on to analyze induction of a GAL1-lacZ reporter by native Gal4 in galactose medium and observed activation defects in the vps mutants (Fig. 8C ) similar to those shown above for hybrid activators harboring the Gal4 AD ( Fig. 7B  and E) . Together, these data suggest that the Gcn4 activation domain is not unique in requiring class D and class E Vps factors for full activity; however, the degree of dependence on Vps functions, especially class E proteins, is greater for Gcn4 than for the Gal4 or VP16 ADs.
The Gcn ؊ phenotype of vps mutants does not involve the ASR pathway. Certain secretory-defective (sec) mutants impaired for vesicular transport impair nuclear import of various proteins in the "arrest of secretion response" (ASR) (43) . Thus, we considered whether the Gcn Ϫ phenotypes of vps mutants might involve the ASR. Inconsistent with this idea, the vps18 and vps45 mutants have strong SM s phenotypes (Table  4) but were shown previously not to elicit the ASR (43) . In addition, our ChIP and Gcn4-GFP imaging data imply that nuclear entry of Gcn4 is not impaired in Gcn Ϫ vps mutants. To rule out further the involvement of the ASR, we asked whether the Gcn Ϫ phenotypes of vps mutants are diminished by overexpressing the mitogen-activated protein kinase Hog1, shown previously to suppress the ASR (43) . Overexpressing Hog1 from an hc plasmid does not suppress the SM s phenotypes of class D mutants pep7⌬, pep12⌬, vps15⌬, and vps34⌬ or class E mutant snf7⌬ (Fig. 9A and data not shown) . Consistently, hc HOG1 does not rescue activation of the HIS4-lacZ reporter in these strains (Fig. 9B and data not shown) .
It was shown previously that the plasma membrane protein Wsc1, involved in signal transduction in response to changes in cell wall integrity, is required for a strong ASR (43) , and that deleting WSC1 and WSC3 simultaneously abrogates the re-
FIG. 7. vps mutations impair transcriptional activation by several activation domains. (A to C) Expression of lexA OP -GAL1-lacZ
reporter (pSH18-34) was measured in the indicated strains (described in Fig. 1C ) containing activator fusions depicted schematically and encoded by the low-copy-number (lc) plasmid pTXZA-GCN4-LexA (A), hc plasmid pSH17-4 (B), and sc plasmid pDB198 (C). Cells were grown in SC-Ile/ValUra-Trp with 1 g/ml SM (A), SC-Ura-His (B), or SC-Ura-Trp (C). (D to F) Cells were grown in SC-Ile/val-Ura-Leu with 1 g/ml SM, and expression of the HIS4-lacZ reporter on p367 was measured in the gcn4⌬ strains FZY659 (snf7⌬), FZY661 (snf8⌬), NGY9 (vps15⌬), and NGY10 (vps34⌬) expressing activators encoded by hc plasmids pHQ1377 (D), pNG13 (E), and pNG14 (F).
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on February 21, 2013 by PENN STATE UNIV http://mcb.asm.org/ pression of ribosomal protein genes provoked by a block to the secretory pathway (39) . By contrast, we found that the double mutation wsc1⌬ wsc3⌬ does not ameliorate the SM s phenotype of class D mutant pep7⌬ (Fig. 9C) . We conclude that the ASR does not make an important contribution to diminished activation by Gcn4 in the vps mutants described above and that attenuation of GAAC in these mutants is functionally distinct from the downregulation of ribosomal protein genes in response to secretory defects.
The Gcn ؊ phenotype of snf7⌬ cells likely involves PrA-dependent degradation of MVB cargo. We showed above that snf7⌬ mutants have a more severe SM s phenotype than do vps2⌬ or vps4⌬ strains (Fig. 1C) , even though all of these mutants are defective for protein trafficking via ILVs from the MVB to vacuole. This paradox is reminiscent of the specialized function carried out by Snf7 in the response to alkaline pH in the RIM pathway. Transcriptional repressor Rim101 is proteolytically activated at the MVB in a manner requiring Snf7 and other ESCRT proteins, but independently of E-III subunits Vps24 and Vps2, the AAA-ATPase Vps4, Bro1, and Doa4 (69) . Moreover, the requirements for all ESCRT proteins except Snf7 in processing Rim101 were suppressed by vps4⌬ (9), which was attributed to the fact that Snf7 accumulates on MVB membranes in cells lacking Vps4 due to the impaired recycling of E-III complexes from the MVB (4). This allows Snf7 to recruit Rim20 (or Bro1) to the MVB independent of other ESCRT factors in the vps4⌬ background (9), which implies that the stimulatory functions of E-I and E-II factors in promoting Snf7 assemblies at the MVB are bypassed in vps4⌬ cells. At alkaline pH, Snf7 recruits Rim20 to the MVB in place of Bro1, and Rim20 then recruits Rim101 and, most likely, the Rim101-activating protease (9, 68) . Thus, Snf7 has a regulatory role in the RIM pathway distinct from protein trafficking by providing a platform for Rim101 processing on the MVB outer (A) Western analysis of TCA-extracted WCEs was conducted on cells grown identically to those analyzed for ␤-galactosidase activity in Fig. 7A , probing with antibodies against LexA, Gcn4, and Gcd6, as indicated. Aliquots differing by twofold were loaded in adjacent lanes. (B) Western analysis of the LexA-Gal4 (left) or LexA-VP16 (right) proteins conducted on aliquots of cells of the indicated genotype that were analyzed for ␤-galactosidase activity in Fig. 7. (C) The GAL1-lacZ reporter containing the native GAL1 promoter on plasmid pCGS286 was assayed in strains of the indicated genotypes described in Fig. 1C , plus isogenic gal4⌬ strain 1044, after growing the cells in SC-Ura with 2% raffinose as carbon source and then adding galactose to 2% and incubating for 6 h.
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on February 21, 2013 by PENN STATE UNIV http://mcb.asm.org/ membrane, and the other ESCRT proteins support this auxiliary function primarily by enhancing Snf7 recruitment to the MVB (7, 9, 27) . We found that none of the deletion mutants specifically impaired for Rim101 processing (rim8, Ϫ9, Ϫ13, Ϫ20, Ϫ21, or Ϫ101 and dfg16) (7, 69) exhibit SM s phenotypes (data not shown). Moreover, bro1⌬ confers a strong SM s phenotype (Table 4) but, as mentioned above, is dispensable for the RIM pathway. Hence, the functions of ESCRT proteins in GAAC appear to be unrelated to Rim101 processing. It is intriguing, however, that vps4⌬ reduces the SM sensitivity conferred by E-I mutations vps23⌬ and vps28⌬ in double mutants to yield the less severe SM s /Gcn Ϫ phenotype seen in vps4⌬ single mutants (Fig. 10A) . By contrast, vps4⌬ has only a small effect on the SM s /Gcn Ϫ phenotypes of E-II mutations vps36⌬, vps25⌬, and snf8⌬ and no effect on the E-III mutants vps20⌬ and snf7⌬ (Fig. 10A and data not shown) . Similarly, vps4⌬ impairs transcriptional activation of HIS4-lacZ by Gcn4 to a lesser extent than do vps23⌬ and vps28⌬. Furthermore, vps4⌬ suppresses the stronger activation defects conferred by these E-I mutations to yield a level of HIS4-lacZ expression in the double mutants comparable to the vps4⌬ single mutant, whereas vps4⌬ does not increase HIS4-lacZ expression in snf7⌬ cells (Fig. 10B) .
As noted above, there is evidence that vps4⌬ reduces the requirement for E-I and E-II factors in assembling Snf7/Vps20 E-III subcomplexes at the MVB. Consistent with this, it was shown that overexpressing the E-II complex partially suppresses the MVB sorting phenotype of E-I mutants (3). Accordingly, the partial suppression of the Gcn Ϫ phenotypes of E-I mutants by vps4⌬ shown in Fig. 10A and B implies that the functions of E-I factors in enhancing the assembly of E-II and E-III complexes at the MVB is more critical for GAAC than is delivery of MVB cargo to the vacuole lumen. Given that E-II complexes also stimulate E-III assembly, it appears that impairment of GAAC is greatest in the class E mutants that not only disrupt protein sorting but also fail to assemble the Snf7/ Vps20 E-III subcomplex on endosomal membranes. Hence, although the RIM pathway is not involved in GAAC, the two regulatory systems share a greater requirement for Snf7 on the MVB outer membrane than for Vps4 function in cargo delivery via ILVs.
We wished to explore further why GAAC is impaired more severely by the failure to assemble the Snf7/Vps20 E-III subcomplex at the MVB than by merely disrupting protein trafficking to the vacuole lumen by vps4⌬. Emr and colleagues have shown that vps4⌬ and other ESCRT mutants that accumulate Snf7/Vps20 on endosomal membranes differ from snf7⌬ and vps20⌬ with regard to proteolysis of the MVB cargo vacuolar proteinase Cps1, a portion of which accumulates in the class E compartment in ESCRT mutants. (The remainder of Cps1 is mislocalized to the limiting membrane of the vacuole in class E mutants.) Removing Snf7/Vps20 from endosomal membranes increases the rate of proteolytic maturation of pro-Cps1, possibly by eliminating steric hindrance of the maturing protease by direct binding of Snf7/Vps20 to pro-Cps1 (3). Hence, the more severe SM s phenotype of snf7⌬ might result from proteolytic cleavage of Cps1, or other MVB cargo, that accumulates in the class E compartment and is not protected by association with Snf7/Vps20 in the manner that occurs in vps4⌬ cells. To test this, we examined the effect of deleting PEP4 on the activation defect in snf7⌬ cells, as PEP4-encoded PrA is essential for maturation of multiple vacuolar hydrolyases (33) and PrA is known to accumulate in the class E compartment along with PrB and other cargo that reaches the vacuole via the endosome in class E mutants (3, 8, 54) .
Interestingly, deleting PEP4 partially suppresses the SM s phenotype of the snf7⌬ strain but has little effect on the weaker SM s phenotype of vps4⌬ cells and no effect on the stronger SM s phenotypes of vps15⌬, vps34⌬, pep7⌬, or pep12⌬ mutants (Fig. 10C and data not shown) . Consistent with this, pep4⌬ Fig. 10D and data not shown). (The extent to which pep4⌬ suppresses the HIS4-lacZ activation defect in snf7⌬ cells varied among different experiments and was often incomplete, consistent with its partial suppression of the SM s phenotype in snf7⌬ cells [Fig. 10C ].) These results support the idea that PrA-dependent proteolysis of MVB cargo in the class E compartment of snf7⌬ cells contributes to its stronger Gcn Ϫ phenotype, compared to the simple impairment of protein trafficking in vps4⌬ cells.
Evidence that trafficking from the Golgi complex to the MVB is critical for GAAC. As many Vps proteins are required for delivery of cargo proteins to the MVB from the plasma membrane by endocytosis, we asked whether impairment of receptor-mediated endocytosis alone elicits a Gcn Ϫ phenotype. At odds with this possibility, deleting SAC6 does not produce a strong SM s phenotype (Table 4 and Fig. 2 ), whereas Sac6 is required for endocytosis (34) . It is also noteworthy that vps1⌬ confers a strong SM s phenotype (Table 4) , as this dynamin-related GTPase is thought to be required for vesicular trafficking from the Golgi complex to the late endosome in the CPY pathway but is not crucial for endocytosis (8) . Indeed, in vps1⌬ mutants, certain Golgi and vacuolar membrane proteins reach the vacuole circuitously by mislocalization to the plasma membrane followed by transport to the MVB via endocytosis. This alternative pathway is impaired by disrupting endocytosis with the end4-1 Ts Ϫ mutation, so that all detectable Golgi complex-to-vacuole trafficking is blocked at 36°C and growth is strongly impaired above 21°C in a vps1⌬ end4-1 double mutant (48) . Remarkably, we found that both the SM s phenotype and defective activation of HIS4-lacZ expression in a vps1⌬ single mutant are exacerbated by end4-1 at 21°C (Fig. 10E and F) . This provides strong evidence that a defect in Golgi complexto-MVB trafficking is involved in downregulating GAAC, as GAAC is reduced in vps1⌬ cells lacking conventional Golgi FIG. 10 . Evidence that the strongest Gcn Ϫ phenotypes in class E mutants result from failure to recruit the Snf7/Vps20 E-III subunits and protect MVB cargo from PrA-dependent degradation. (A) Mutants derived from JBY46 of the indicated genotype (described in Table 4 ) were tested for SM sensitivity as in Fig. 1C. (B) HIS4-lacZ expression was measured in p367 transformants of strains JBY46, FZY709, JBY197, FZY711, JBY198, FZY713, JBY204, and FZY715, as for Fig. 3E . (C) Strains BY4741, 1580, HQY1230, 5588, FZY707, 5149, and FZY694 were tested for SM sensitivity as in Fig. 1C. (D) Strains BY4741, HQY1232, 249, FZY688, 5149, FZY694, 1580, and HQY1230 were analyzed for HIS4-lacZ expression from p367, as for Fig. 3E . (E and F) Strains RH144-3D, RH268-1C, LCY14, and LCY19 were tested for SM sensitivity (E) and HIS4-lacZ expression from p367 (F) as in Fig. 1C and 3E , respectively, except cells were cultured at 21°C. 
DISCUSSION
In this report we show that transcriptional activation by Gcn4 is attenuated in vivo by numerous mutations that disrupt vesicular protein trafficking at the late endosome/MVB. Our analysis of class D mutants pep12⌬, pep7⌬, vps15⌬, and vps34⌬, all defective for vesicular transport from the Golgi complex to MVB, revealed marked defects in induction of reporters and mRNAs representing various Gcn4 target genes and a decreased association of Pol II with ARG1 coding sequences. Importantly, UAS occupancy of Gcn4 is not reduced at ARG1, indicating that Gcn4 enters the nucleus and binds to target sequences in chromatin at near-WT levels in these mutants. However, Pol II occupancy of the ARG1 promoter is lower in all four class D mutants, indicating that UAS-bound Gcn4 cannot efficiently stimulate PIC assembly. This shows that transcription initiation, rather than mRNA stability, is impaired in the class D vps mutants. Our finding that activation by the hybrid protein Gcn4-lexA is strongly impaired in vps15⌬ and vps34⌬ strains supports the idea that the activation function, not DNA binding activity, of Gcn4 is being attenuated. These mutations also diminish the functions of hybrid activators containing Gal4 or VP16 ADs, and of native Gal4, although not to the same extent observed for the Gcn4 AD. Most class E vps mutants, defective for vesicular transport from MVB to vacuole, also confer SM s phenotypes but ones that are less severe than for the class C/D mutants with the strongest Gcn Ϫ phenotypes. Analysis of snf7⌬ and snf8⌬ mutants revealed impaired induction of Gcn4-dependent mRNAs and reporters, despite WT levels of Gcn4 protein and nuclear localization of Gcn4-GFP, and also reduced activation by Gcn4-lexA. Thus, these class E vps mutations most likely also diminish transcriptional activation by chromatin-bound Gcn4.
As summarized in Fig. 2 , the vps mutants with the strongest Gcn Ϫ phenotypes are class C/D mutants lacking factors required for vesicle fusion at the MVB, including lipid kinase Vps34 and its associated protein kinase, Vps15, Q-SNARE Pep12, SM protein Vps45, Rab effector Pep7/Vps19, and four of six components of the CORVET tethering complex, Vps16, Vps18, Vps33, and Vps3 (8, 49) . (Our deletion library lacks the vps11⌬ mutant for the final CORVET subunit.) Deletions of Vps1 and clathrin subunits also confer strong Gcn Ϫ phenotypes, consistent with their roles in Golgi complex-to-MVB trafficking (8) . The fact that eliminating the Rab GTPase (Vps21) and its GEF (Vps9) results in weaker Gcn Ϫ phenotypes than deletions of other factors involved in Golgi complex-to-MVB transport (Fig. 2) might be explained by the existence of other related Rab GTPases in yeast, Ypt52 and Ypt53, which could partially substitute for Vps21 (60) .
Interestingly, most vps mutations that specifically impair vesicular transport to the vacuole do not provoke strong Gcn Ϫ phenotypes (Fig. 2) . Thus, deletions eliminating SNARE component Vam7 and Rab GTPase Ypt7, both involved in vesicle fusion at the vacuole, produce weaker Gcn Ϫ phenotypes than do pep12⌬, vps21⌬, and vps9⌬, which remove a SNARE component, a Rab GTPase, and GEF, respectively, working at the MVB (Fig. 2) (8) . Furthermore, eliminating Vps39/Vam6, the Ypt7 exchange factor of the HOPS tethering complex, confers a weaker Gcn Ϫ phenotype than does eliminating the analogous subunit of the CORVET tethering complex, Vps3 (Fig. 2) . This is significant because the HOPS complex functions in vesicle fusion primarily at the vacuole, while CORVET operates mostly at the MVB (49) . The fact that deleting CORVETspecific Rab effector VPS8 confers a relatively weak Gcn Ϫ phenotype might be explained by the fact that the analogous HOPS subunit, Vps41, can replace Vps8 in the intermediate i-CORVET complex in vps8⌬ cells (49) . Together, these comparisons suggest that GAAC is more strongly attenuated by defects in vesicular transport to the MVB than to the vacuole. This inference is supported by the fact that eliminating Vps4, which impairs proper trafficking to the vacuole from the MVB, has a relatively weak Gcn Ϫ phenotype (Fig. 2) . Deleting subunits of the vacuolar ATPase, including Vma2 and Vma5, also does not confer SM sensitivity (Fig. 2) , ruling out the possibility that a defect in vacuolar acidification is responsible for the Gcn Ϫ phenotype in vps mutants. The strongest overall Gcn Ϫ phenotype was observed with deletion of the PtdIns [3] kinase Vps34, which resides with its activating protein kinase Vps15 in several different complexes. One complex containing Vps30 and Vps38 supports PtdIns [3] P formation at endosomes and is important for retrograde trafficking from MVB to the Golgi apparatus by the retromer complex, a process that serves to retrieve components of the CPY pathway. A second complex contains Vps30 and Apg14 and mediates transport of cargo directly to the vacuole for degradation in macroautophagy (8, 36) . Whereas vps30⌬ produces a moderate SM s phenotype, vps38⌬ and apg14⌬ produce little or no SM sensitivity, respectively (Fig. 2) . Thus, these two complexes cannot account for the critical role of Vps34 in GAAC. This is not surprising, since neither complex is critical for vesicular transport from the Golgi complex to MVB. Importantly, it was shown that vps34⌬, but not vps30⌬, impairs PrA and PrB trafficking to the vacuole, implying that Vps34 functions in vesicular transport outside of the Vps30-containing complexes. Consistent with this, deleting VPS30 or VPS38 produced only a Ϸ20% reduction, and deletion of APG14 had no effect, on Vps34 kinase activity (36) . Presumably, additional complexes containing Vps34 would have to be disrupted to obtain the strong Gcn Ϫ phenotype of the vps34⌬ mutant. One concern could be that the Gcn Ϫ phenotype of vps34⌬ results from the fact that numerous vesicular trafficking events are impaired in this mutant. However, the sec18-1 mutation also impacts multiple intracellular transport steps (reference 10 and references therein), yet we found that incubation of temperature-sensitive sec18-1 cells at the restrictive temperature for 3 h had little (Ͻ10%) effect on HIS4-lacZ induction by SM (data not shown). We also found that deletion of LSB6, encoding a nonessential type II phosphatidylinositol 4-kinase (24), did not confer SM sensitivity. In addition, pep7⌬, which eliminates a Vps21 effector of vesicle fusion at the MVB, produces a defect in transcriptional activation by UAS-bound Gcn4 comparable to that observed for vps34⌬. Hence, it appears that Vps34 functions in conjunction with other class C/D Vps factors in maintaining a robust GAAC response.
The class E vps mutants with the strongest Gcn Ϫ phenotypes , and the Vps20/Snf7 components of the E-III complex. These mutants have in common a failure to recruit the Snf7/ Vps20 E-III subunits to the MVB outer membrane. The fact that eliminating Vps4 produces weaker SM s phenotypes than was observed for snf7⌬ and snf8⌬ mutants shows that blocking proper delivery of MVB cargo to the vacuole lumen (as in vps4⌬ cells) is not sufficient for the more-pronounced Gcn Ϫ defects conferred by snf7⌬ and snf8⌬. It is known that inactivating Vps4 leads to accumulation of Snf7/Vps20 on the MVB membrane, owing to impaired recycling of E-III subunits to the cytoplasm (4, 9) . Hence, our finding that vps4⌬ suppresses the stronger SM s of the E-I mutations vps23⌬ and vps28⌬ but fails to suppress snf7⌬ and vps20⌬ mutations implies that defective recruitment of Snf7/Vps20 (and possibly E-II) underlies the stronger Gcn Ϫ phenotypes of E-I mutations vps23⌬ and vps28⌬ compared to vps4⌬. Together, these results indicate that eliminating the Snf7/Vps20 E-III subunits from the MVB outer membrane is required, and not merely disrupting vesicular transport from the MVB, for the strongest Gcn Ϫ phenotypes displayed in class E mutants.
We ruled out the possibility that the particularly strong requirement for Snf7/Vps20 in GAAC involved the RIM pathway (9) , wherein Snf7 provides a platform on the MVB outer membrane for processing and activation of transcription factor Rim101. Indeed, Mitchell and colleagues had suggested previously that Snf7, Vps20, and Vps25 (E-II) operate outside of the RIM pathway in a signal transduction response to nutrient starvation. Among the mRNAs that showed reductions in snf7⌬ but not rim21⌬ cells at pH 8 in their study (7), we identified 12 known Gcn4 target genes involved in amino acid, vitamin, or nucleotide biosynthesis (ASN1, ARG1, ARG3, ARG5, ARG6, ARG8, HIS4, MET6, GLN1, BIO4, ADE4, and ADE17) (45) . Consonant with our findings, they reported that vps20⌬ and vps25⌬, but not vps4⌬, reduced the mRNA level of the Gcn4 target gene ASN1 (7). These previous results support our conclusion that efficient activation by Gcn4 is more dependent on endosomal recruitment of Snf7/Vps20 than on Vps4-dependent protein trafficking to the vacuole. Barwell et al. (7) identified many other mRNAs downregulated specifically in snf7⌬ cells which are not Gcn4 targets, consistent with the idea that activators besides Gcn4 are attenuated in this mutant. This last conclusion is also supported by the fact that snf7⌬ and snf8⌬ mutations were first identified on the basis of diminished SUC2 mRNA expression (Snf Ϫ phenotype) (63, 70) . If endosomal Snf7 does not affect GAAC in the context of the RIM pathway, then how can we explain the stronger Gcn Ϫ phenotype of snf7⌬ versus vps4⌬? It was shown previously that recruitment of Snf7/Vps20 to endosomal membranes protects the MVB cargo Cps1 from rapid proteolytic processing in the aberrant endosome of class E mutants (3). Interestingly, we found that the Gcn Ϫ phenotype of snf7⌬ is diminished by inactivation of PrA (pep4⌬). Hence, the more severe Gcn Ϫ phenotype of class E mutants which fail to recruit (or lack) Snf7/Vps20 might result partly from rapid PrA-dependent proteolysis of MVB cargo in the class E compartment. Other mislocalized vacuolar proteases, like PrB, could participate with PrA in this aberrant degradation process. If the destruction of MVB cargo in the late endosome is the key defect responsible for the Gcn Ϫ phenotype of snf7⌬ cells, then perhaps the severe depletion of cargo proteins in the MVB that occurs in class C/D mutants, owing to their defects in vesicle fusion, is responsible for their even stronger Gcn Ϫ phenotypes. In this view, depletion of intact MVB cargo proteins in the late endosome represents a key molecular condition, or signal, responsible for attenuating transcriptional activation by Gcn4 in all vps mutants with Gcn Ϫ phenotypes. As depicted schematically in Fig. 11 , this aberration would increase in severity in the progression from (i) vps4⌬ to (ii) snf7⌬ pep4⌬ to (iii) snf7⌬ to (iv) vps34⌬ mutants (Fig. 11) . This model predicts that the stronger Gcn Ϫ phenotypes of class C/D mutations should be epistatic to the weaker Gcn Ϫ phenotypes of class E mutations, since the former evoke a more profound reduction in MVB cargo at the late endosome. Consistent with this prediction, we found that vps34⌬ vps20⌬ and vps34⌬ snf7⌬ double mutants exhibited the more severe SM s Gcn Ϫ phenotype characteristic of the vps34⌬ single mutant (data not shown).
Many of the known MVB cargo proteins are cell surface transmembrane receptors or permeases, whereas others (like Cps1) are transmembrane proteins in the vacuole with biosynthetic functions (35) . Interestingly, the general amino acid permease Gap1 is an MVB cargo that is downregulated at the plasma membrane in amino acid-replete cells by ubiquitination and trafficking to the MVB en route to the vacuolar lumen for degradation (57) . However, we found that deletion of GAP1, or eliminating subunits of the GSE complex required for sorting Gap1 from the MVB to plasma membrane (18), does not confer SM sensitivity (Table 4 and data not shown). This indicates that proper trafficking of Gap1 is not required to maintain a functional GAAC response. Furthermore, the stronger Gcn Ϫ phenotype we observed for vps C/D mutants versus sac6⌬ cells suggests that a broad reduction in receptor-mediated endocytosis of cell surface proteins is not sufficient for a severe inhibition of Gcn4 function. This suggests that the MVB cargo proteins most relevant to the GAAC are biosynthetic vacuolar proteins delivered from the Golgi complex, rather than cell surface membrane proteins transported to the MVB by endocytosis (Fig. 2) . This last conclusion fits with our finding that vps1⌬, which specifically impairs Golgi complex-to-MVB transport, provokes a stronger Gcn Ϫ phenotype than does impairing endocytosis by the sac6⌬ or end4-1 mutations. An alternative pathway for Golgi complex-to-endosome trafficking operates in vps1⌬ cells wherein Golgi cargo is mislocalized to the plasma membrane and then transported to the MVB by endocytosis. This backup pathway is impaired by disrupting endocytosis with the end4-1 mutation in the vps1⌬ background (48) . Our finding that the Gcn Ϫ phenotype in vps1⌬ cells is exacerbated by end4-1 mirrors the previously established effects of combining these two mutations in disrupting Golgi complex-to-endosome transport (48) . Thus, this finding further supports the notion that a defect in Golgi complex-to-MVB transport is the key malfunction involved in downregulating GAAC in vps mutants. However, since end4-1 impairs endocytosis, we cannot exclude the possibility that the stronger Gcn Ϫ phenotype of the vps1⌬ end4-1 double mutant results from simultaneously im-pairing delivery of MVB cargo from the plasma membrane and the Golgi complex.
Conditional mutations affecting different stages of the secretory pathway, and also the drug chlorpromazine, which deforms membrane properties of internal organelles, elicit increased eIF2␣ phosphorylation, with a strong inhibition of general protein synthesis (14) . Interestingly, Gcn4 is induced but does not transcriptionally activate HIS4-lacZ in chlorpromazine-treated cells (13) , the phenotype observed here in vps mutants. These drastic impairments of the secretory pathway also elicit the ASR, which inhibits nuclear import (43) and probably mediates the decreased transcription of ribosomal protein genes, rDNA (39, 46) , and certain Gcn4 targets (13) . However, vps18⌬ and vps45⌬ confer strong Gcn Ϫ phenotypes but do not elicit the ASR (43) . Moreover, overexpressing Hog1 or deleting WSC genes, which suppress the ASR (42), does not affect the Gcn Ϫ phenotype of vps mutants. Finally, we showed that nuclear import of Gcn4 and its occupancy of the ARG1 UAS were unaffected in Gcn Ϫ vps mutants and found that inactivation of Sec18 (which elicits the ASR) does not impair activation of HIS4-lacZ transcription by Gcn4. Hence, the attenuation of Gcn4 function in vps mutants is distinct from the ASR and the downregulation of ribosomal protein genes in response to severe disruptions of the secretory pathway.
One way to account for our findings is to propose that a signal transduction pathway operates in yeast to attenuate transcriptional activation by Gcn4 and certain other activators in response to impaired vesicular trafficking at the MVB. It may make sense to have a signaling mechanism to prevent Gcn4 from increasing production of amino acid substrates for new protein synthesis in the face of toxic compounds or conditions that disrupt protein trafficking. A precedent for this idea is the reduction in protein synthesis that occurs on activation of the mammalian eIF2␣ kinase PERK by endoplasmic reticulum stress, to prevent endoplasmic reticulum overload (56) . And in yeast, it was shown that general nitrogen starvation blocks the translational induction of Gcn4 by phosphorylated eIF2␣ during amino acid limitation, presumably because induction of amino acid biosynthetic genes by Gcn4 is detrimental during nitrogen starvation (22) . Rather than blocking translational induction of Gcn4, the disruption of endosomal trafficking in vps mutants reduces the ability of induced Gcn4 to stimulate transcription. The fact that at least some activation domains besides Gcn4's are affected by vps mutations suggests that a transcriptional coactivator could be downregulated by endosome dysfunction. Targeting a coactivator that is critical for Gcn4 and other stress-responsive activators, but not universally required by all activators at all promoters, e.g., SAGA, could eliminate competition for general transcription factors at genes that don't require the targeted coactivator and which encode proteins that ameliorate the consequences of endosome dysfunction. Rather than positing a signaling pathway that couples Gcn4 activity to MVB function, it could be proposed instead that an unknown regulator of Gcn4 is activated at the late endosome, analogous to the regulation of Rim101 at this organelle, or is dependent on MVB integrity for its proper function. In this view, the vps mutations with Gcn Ϫ phenotypes impair this hypothetical regulator by altering MVB structure or the makeup of resident cargo proteins. In mammalian cells, there is evidence that Vps34 mediates the stimulatory effects of amino acids on the TOR pathway, a central regulator of gene expression and protein synthesis in response to nutrients in yeast and mammals (47) . Tor and several of its effectors are localized to intracellular membranes and vesicles, leading to suggestions that the regulation of TOR signaling occurs on membranes (5) . A simple model that vps34⌬ impairs Gcn4 function by attenuating TOR activity cannot be ruled out, but it seems unlikely considering that Gcn4 is induced translationally (11) and contributes to activation of certain target genes by Gln3 when TOR is inhibited by rapamycin (64). Nevertheless, it is possible that another regulator of transcriptional activation by Gcn4 and certain other activators functions from late endosomal membranes and is affected by disruption of vesicular trafficking at this organelle in vps mutants.
It was shown previously that inactivation of Kex2, an endoprotease in the Golgi complex that processes the precursors of ␣-factor and M1 killer toxin (17) , suppresses temperaturesensitive mutations in the largest subunit of Pol II, Rpb1 (41). Hence, it was possible that Kex2 would process a cargo protein in the Golgi complex that is transported to the MVB and has an impact on GAAC; however, we found that the kex2⌬ mutant does not exhibit an SM s /Gcn Ϫ phenotype (Table 4) . While this work was under review, Puria et al. reported that a number of vps C/D mutants, and to a lesser extent vps E mutants (including vps20), impair transcriptional activation by Gln3 with a poor nitrogen source (proline) (51) . Nuclear localization of Gln3 was reduced in class C mutants, which could account at least partly for their defects in Gln3-mediated transcriptional activation. It was proposed that Golgi complexendosome trafficking is an obligate step in routing of Gln3 to the nucleus during growth in a poor nitrogen source. These authors also obtained evidence that Gln3 is associated with Golgi apparatus-or endosome-related vesicles and speculated that Gln3 is sequestered in cytoplasmic vesicles that can't fuse with the endosome in the vps mutants, reducing its nuclear localization. However, it seems possible that activation by the residual nucleus-localized Gln3, which they observed in a class D mutant (vps45⌬), was attenuated in the manner we have described here for Gcn4. Unlike the case of Gln3, nuclear localization of Gcn4 is constitutive in WT cells (50) , and we found that Gcn4 is not excluded from the nucleus in class C, D, or E vps mutants. Thus, it appears that transcriptional activation can be downregulated at more than one stage for different activators in response to defective vesicular transport at the late endosome.
We have discussed the involvement of Vps factors in modulating transcriptional activation by Gcn4 and Gln3, the central role of endosomal Snf7 in the RIM pathway, and evidence implicating human Vps34 in TOR signaling. In addition, it was shown that the ␣-subunit of the G protein involved in pheromone signaling in yeast (Gpa1) is present at endosomes and interacts with Vps34 and Vps15 to stimulate PtdIns [3] P synthesis in a manner that enhances mating (61) . Thus, there is a growing body of evidence that endosomal membranes serve as an important intracellular platform for a variety of signaling and regulatory mechanisms in eukaryotic cells.
